Abstract: Hydropower projects are rapidly developing in China at present, and a number of high dams and large reservoirs are currently under construction or will soon be built. These large projects are mainly located on the great rivers in West China with complicated topographical and geological conditions. Evaluation of stability and safety of these high dam projects is an important topic. Geomechanical model test is one of the main methods to study the global stability of high dam and foundation. In this paper, a comprehensive testing method that combines overloading and strength reduction in a model is proposed. In this method, both the influence of excessive flooding and the effects of strength reduction of rock masses and weak structural planes on dam stability are considered. Thus, the comprehensive testing method can accurately incorporate multiple factors that affect the global stability of high dam and its foundation. Based on the failure testing principle and model similarity theory, a similarity relation formula for safety evaluation through comprehensive test is established. A new model material, temperature-dependent analogous material, is also developed. By rising the temperature and reducing the strength of the model material, the mechanical behaviors resulting from gradual strength reduction can be simulated. Thus, the comprehensive testing method is realized in a single model. For case studies, the comprehensive geomechanical model test is conducted for Jinping I and Xiaowan high arch dam projects.
Introduction


With the development of hydropower projects to implement the strategy of electricity transmission from western to eastern regions in China, a number of high dams and large reservoirs are under construction or to be built in West China. These large projects are mainly located on the great rivers, characterized by complicated topographical and geological conditions. China (20100181110077) River, Dagangshan arch dam (210 m high) on the Dadu River, and so on. Methods to analyze and evaluate the stability and safety of these projects are currently needed in engineering fields and academic studies (Pan and He, 2000) . Geomechanical model test is one of the main methods to address this issue.
Geomechanical model test can proportionally reduce the dimensions of a dam based on similarity principles to study engineering and geological issues. The primary purposes of such tests are to (1) study the global stability and safety of a dam and its foundation, (2) investigate the failure patterns of dam structure and foundation, (3) understand the deformation characteristics of dam foundation, and (4) reveal dam failure mechanisms. Such test results can give researchers a more direct interpretation (Chen, 1984; Liu et al., 2004; Chen et al., 2006; He et al., 2006) .
The major properties of geomechanical model test are shown as follows: (1) In the model, adverse geological structures in rock masses, such as faults, fracture zones, weak interlayers and major fissure groups, can be factually simulated. The mechanical characteristics of rock masses, such as heterogeneity, inelasticity, discontinuity and multiple cracks, can be reasonably described, and the mechanical properties of more complicated rock mass structures can be fully captured. (2) Geomechanical model test is a type of failure test that focuses on the deformation and failure characteristics of dam structure and foundation beyond the elastic range. It is capable of characterizing the whole process of failure and instability of a dam and its foundation. (3) Based on the current codes or specifications and engineering practices in China, dam safety is estimated in two aspects, i.e. dam strength and anti-sliding stability of dam abutment and foundation. However, results on the local damage of a structure cannot fully reflect its global instability. In the paper, geomechanical model test is used to study the overall stability of the dam and its foundation. This is the major difference between the geomechanical model test and other methods.
Geomechanical modeling started in the 1960s, when high dam projects were rapidly developing around the world. A group of experts, headed by Fumagalli, successfully performed a series of geomechanical model tests at the Istituto Sperimentale Modelli e Strtture (ISMES) at Bergamo in Italy (Fumagalli, 1973) . For example, the Vajont arch dam, which is 216.6 m high and hosted on a rock foundation full of fissures and faults, was observed that the deformation of arch crown was large and the safety coefficient of global model was 2.0, estimated by a global geomechanical model test. Therefore, it was determined that grouting and anchors should be used to reinforce the abutments. The Vajont arch dam subsequently withstood a severe hazard during the catastrophic landslides of Toc Mountain that shocked the world. This case confirmed that the reinforcement measures for the abutment were correct and effective. Thus, geomechanical model test is important for evaluating the safety of a large dam and the stability of its foundation. Another example is the Itaipu gravity dam, which is 196 m high. ISMES conducted geomechanical model tests to determine the weakest area of the concrete dam and rock foundation, and tried to understand its potential failure mechanisms. This test provided reliable information for optimization design and reinforcement of the project.
From the 1970s onward, many hydraulic projects were quickly developed in China, and the model test was mainly adopted for some major and extremely complicated engineering projects. Gong et al. (1984) firstly introduced the geomechanical model test technology to China and applied it to Chinese water resources and hydropower construction projects. In 1978, Gong presented a report on geomechanical model test materials and performed two-(2D) and three-dimensional (3D) geomechanical model tests for the Gezhouba project and other projects. Zhou et al. (1995 Zhou et al. ( , 1997 Zhou et al. ( , 2008 and Liu and Zhou (2002) established a stability analysis and evaluation system for high arch dams based on overloading test technique. This method can reveal the initial cracking load  1 , nonlinear yield load  2 and ultimate bearing load  3 . These evaluation parameters have been introduced into project designs and have been successfully used in stability analyses of many high dam projects. Li et al. (1997) , Zhang et al. (2004 Zhang et al. ( , 2005 and Chen et al. (2007) proposed a comprehensive testing method, considering overloading method and strength reduction method, for geomechanical models by developing temperaturedependent material. Based on the fundamental principles of overloading method and strength reduction method, a similarity relation formula for safety evaluation by the comprehensive test is established. In addition, this geomechanical model test is validated by high dam projects.
2
Similarity principles for geomechanical models and failure testing methods
Model similarity principles
Geomechanical model tests are designed and conducted based on similarity principles. With the similarity ratio of model to prototype, the physical measurements obtained from model can be converted to prototype, thus the working status, stability and safety of the prototype can also be obtained. By analyzing the deformation characteristics, failure pattern and failure mechanism of the model, the conditions of failure and instability of the prototype can be identified.
The similarity relations between the prototype and the geomechanical model should be satisfied, i.e. the geometric and physical relations, the forces, the boundary conditions, the initial conditions, etc. According to the theory of elastoplastic fracture mechanics, a geomechanical model should satisfy the following relations (Zuo, 1984) :
C are the similarity factors of the Young's modulus, unit weight, geometry, stress, force, Poisson's ratio, strain and friction factor, respectively.
Failure testing methods
The geomechanical model test is a type of failure test, in which one of the three dominant methods is usually adopted: overloading method, strength reduction method and comprehensive method that combines overloading and strength reduction methods. The following factors influencing the stability and safety are considered: (1) In the overloading method, the mechanical parameters of the dam abutment and the rock foundation are assumed to be constant, whereas the upstream water pressure is gradually increased until the foundation is damaged. The safety coefficient obtained in this way is called "overloading safety coefficient". This method reflects the influence of excessive flooding on the safety of the project. (2) The strength reduction method reflects the influence of strength reduction of rock masses and weak structural planes caused by soaking or leakage of reservoir water in long-term operation. During the test, the mechanical parameters of the rock masses and weak structural planes are gradually decreased until the foundation fails. The safety coefficient obtained in this way is called "strength reduction safety coefficient". (3) In the comprehensive method, it usually combines the overloading method and the strength reduction method, thus the overloading test and the strength reduction test are both conducted in the same model. This method takes into account the possibility that a dam may encounter a sudden flood after the mechanical parameters of rock masses and weak structural planes are gradually decreased. This method is of advantage to reflect the influences of multiple factors on the stability and safety of the project.
Similarity relations for overloading safety coefficient
In overloading test, the overloading safety coefficient K p at model failure is the ratio of the failure load m P to the normal load P m . The over-unit weight method is usually used in the model test. Therefore, the overloading safety coefficient K p can also be considered as the ratio of the hydraulic unit weight at failure m   to the normal hydraulic unit weight m  , which can be expressed as
With the geomechanical model similarity conditions
where C  is the similarity factor of shear strength. By substituting Eq. (3) into Eq. (1), the overloading safety coefficient p K can be expressed as
Eq. (4) shows that in the overloading method, the material's mechanical parameters cannot be changed. Therefore, C τ and C L are constants. It means that the upstream load is gradually increased until the model fails without changing the material's mechanical parameters.
Similarity relations for strength reduction safety coefficient
In the strength reduction test, the strength reduction coefficient s K at model failure is the ratio of the designed shear strength m  to the failure shear strength m
With the similarity relation of geomechanical model tests
By substituting Eq. (6) into Eq. (5), the expression for the strength reduction coefficient
From Eqs. (5)- (7), it can be seen that, in the strength reduction method, the upstream water load is not changed, and therefore, both C  and C L are constants. In other words, under the condition of constant load, the strength of model material gradually decreases until the model fails.
Similarity relations for comprehensive safety coefficient
The comprehensive method considers both the overloading and strength reduction, from which a strength reduction safety coefficient K s and an overloading safety coefficient p K can be obtained. The safety coefficient for the comprehensive method is c s p (4) and (7), the following equation can be obtained:
To obtain similar unit weight in geomechanical test, the unit weight of the prototype material is equal to that of the model material, i.e. p m / 1
Therefore,
Eq. (9) shows that, in the comprehensive method, both the upstream overload and the material strength reduction are considered to reflect the influences of multiple factors on the safety coefficient. In the comprehensive method, the mechanical parameters of the dam abutment and rock foundation must be reduced. Therefore, an analogous material whose strength can be reduced should be employed.
Temperature-dependent analogous material
In geomechanical model test, various types of films, papers, lubricating oils and chemical coatings are tried to analogously match the shear strength of rocks. In the simulation methods, the mechanical parameters of rock masses and structural planes cannot be changed during the test. If the mechanical parameters are changed, multiple models made by different materials with different mechanical parameters are needed to reflect the process of the mechanical parameters variation. Furthermore, these methods are not suitable for strength reduction tests. A breakthrough in model material development was recently made, as a temperature-dependent analogous material that can simulate the changes in shear strength of rock masses and structural planes was successfully produced. Moreover, a new corresponding simulation testing technology was improved.
The development of the temperature-dependent analogous material (Dong et al., 2007; He et al., 2009; Zhang and Chen, 2009 ) is a great success. The basic principle is the combination of a traditional model material with polymer material. An appropriate amount of polymer material and additives are added to the conventional geomechanical model material. Meanwhile, a heating system is employed. During the test, the polymer material is gradually melted as the temperature rises, thus the mechanical strength of the material is gradually decreased. In the whole process of the temperature rising and strength reduction, the material's mechanical parameters should meet the requirements of similarity ratio. In this way, a novel temperature-dependent analogous material can be achieved.
The temperature-dependent analogous material consists of the conventional barite powder, lubricating oil, fusible polymer material and multiple additives. Among them, the barite powder is the filling material, the lubricating oil is the cementing agent, and the fusible polymer material is the main material for strength reduction. Based on the material strength requirements, a proper ratio should be chosen to produce the model material of rock mass or weak structural plane. Meanwhile, 3D cross heating system and temperature control system are built for the model. The heating system consists of heating equipment inside the model and temperature control equipment outside the model. The temperature control system is composed of thermocouple inside the model and temperature monitoring equipment outside the model. During the test, the temperature of the model material is increased by the heating system, which leads to gradual melting of the polymer material. The material's friction of this type is subsequently changed, and then the material's shear strength is altered. Thus, a gradual shear strength reduction is achieved and the comprehensive testing method can be adopted for the model. Before tests, the material is investigated to obtain a relation curve for the material strength parameter vs. temperature, which is the basis for the comprehensive test.
Case studies
Jinping I high arch dam
Jinping I hydropower station is an important cascade hydropower station on the main stream of the Yalong River. The maximum dam height is 305 m. It is the highest concrete double-curvature arch dam under construction in the world at present. The geological structures at the dam site are very complex, including faults, interlayered compression zones, joints and deep fractures, which are the main factors to control the stability of the dam abutment. The major geological structures in the right abutment include the faults f 13 and f 14 , the green schist lens in the marble strata 2(4) 2-3Z T , and the steeply dipping joints in SN direction. The major geological structures in the left abutment include the faults f 5 , f 8 , f 2 and f 1 , the lamprophyre dike X, the interlayered compression zones and the joints along the slope in the marble strata 2(4) 2-3Z T . Various factors affecting the stability of the abutment and foundation are considered during the test. The topographical and geological conditions of the dam site in Pusiluo Valley, including rock masses, faults, all types of weak structural planes, deep fractures, a disturbed rock zone and other major geological defects, are considered in the model. According to the mechanical parameters of rock masses and structural planes, the strength reduction simulations are performed for faults f 2 , f 5 , f 13 , f 14 and lamprophyre dike X. A typical relation curve of shear strength τ m vs. temperature T of a structural plane is shown in Fig. 1 . An overall view of the geomechanical model is shown in Fig. 2 . During the test, a normal load is first applied. After 25% reduction of the strength parameters of the major faults and lamprophyre dike X, the overloading test is conducted until the dam and foundation show a global failure or instability tendency. The displacement curves of the dam and abutment surfaces, the relative displacement curves of various weak structural planes, the strain curves of the dam downstream surface, and the failure process and pattern of two abutments in the test are achieved. The typical relation curves of displacement  p vs. overloading factor K p on the dam and abutment surfaces are shown in Fig. 3 , in which monitoring points #3, #10 and #16 are located on the dam downstream surface at elevation of 1 830 m, and monitoring points #94, #102, #128 and #138 are located at the outcrops of some faults on the left abutment surface at elevation of 1 830 m. The failure patterns of left and right abutments of the model are shown in Fig. 4 . Test results show that different faults, lamprophyre dikes and weak structural planes have different impacts on the stability of abutments. In the left abutment, the faults f 5 and f 2 , and the lamprophyre dike X adjacent to the river have more significant impacts on the stability. While in the right abutment, the faults f 13 and f 14 , the green schist lens, and the steeply dipping joint in SN direction are of greater impacts on the stability. The concrete plug is suggested to reinforce the above-mentioned weak structural planes, and the anchor reinforcement measures are suggested to treat the rock damaged areas in left and right abutments.
Xiaowan high arch dam
Xiaowan hydropower station is developed on the main stream of the Lancang River. The dam is a concrete double-curvature arch dam with a parabolic variable thickness and a maximum height of 294.5 m. The geological conditions in the abutments are very complex. The main geological structures are described as follows: (1) (5) Four relatively large alteration zones include E8 and E in the left abutment, and E4 and E5 in the right abutment. In addition, the abutment and foundation exhibit a shallow unloading relaxation after excavation, especially in the low elevation areas with high in-situ stresses.
Based on detailed topographical and geological conditions of the abutment and foundation of Xiaowan high arch dam, a 3D geomechanical model is established, and the temperature-dependent analogous material for the major structural planes is developed. A typical relation curve of shear strength τ m vs. temperature T of fault F 11 is shown in Fig. 5 . The comprehensive method is adopted to perform a failure test on the global model. Fig. 6 , in which monitoring points #3, #13 and #39 are located on the dam downstream surface at elevation of 1 245 m, and monitoring points #43, #51, #57, #69, #85 and #91 are located at the outcrops of some faults on the right abutment surface at elevation of 1 050 m. The relation curves of displacement δ p vs. overloading safety coefficient K p on dam and abutment surfaces are shown in Fig. 7 , and failure patterns of the model are shown in Fig. 8 . These test results show that the displacements of the middle and upper parts of both abutments are relatively small, and the failure pattern and range are not severe due to the reinforcement of concrete plugs on the faults and alteration zones. It indicates that the concrete plugs are effective for dam reinforcement.
Discussions
Geomechanical model test is an important way to (1) Further study on the physico-mechanical characteristics of temperature-dependent analogous materials is needed. In particular, the theoretical derivations are needed to determine the theoretical relations between temperature and material properties.
(2) The reduction range of material parameter is usually determined as 15%-30% by experiences. However, there is no experimental or theoretical support for this assumption, which needs further investigation.
(3) Currently, most comprehensive geomechanical model tests are applied to dams. Few tests have been applied to the steep slopes or underground caves. Parameter reduction of rock mass and weak structural plane is the main cause of landslides and cavern collapses. Application of the temperature-dependent analogous materials to geomechanical model tests for steep slopes and underground caves has significant practical meanings.
(4) Certain issues in the comprehensive test still require further investigation, such as improvement of the temperature control system and the model construction techniques.
Conclusions
In this paper, the geomechanical model failure testing methods are introduced, and two practical cases are presented. Conclusions can be drawn as follows:
(1) Different methods for geomechanical model failure test are discussed. Based on the principles of overloading and strength reduction methods, the similarity relations for safety coefficient of comprehensive method are established. Two typical practical cases are presented and a scientific basis for the comprehensive geomechanical model test is provided.
(2) To conduct the strength reduction test and the comprehensive test in a model, the temperaturedependent analogous material has been developed. Its shear strength is inversely proportional to the temperature and can be gradually decreased by rising temperature.
(3) Through comprehensive geomechanical model failure test, the comprehensive safety coefficients K c of Jinping I and Xiaowan high arch dams are estimated to be 4.7-5.0 and 3.96-4.2, respectively. Furthermore, the failure process, pattern and mechanism are also obtained, which can provide a scientific foundation for the design, construction and reinforcement of these projects.
